Realizing out-of-plane actuation in micro-electro-mechanical systems (MEMS) is still a challenging task. In this paper, the design, fabrication methods and experimental results for a MEMS-based out-of-plane motion stage are presented based on bulk micromachining technologies. This stage is electrothermally actuated for out-of-plane motion by incorporating beams with step features. The fabricated motion stage has demonstrated displacements of 85 μm with 0.4 μm (mA) −1 rates and generated up to 11.8 mN forces with stiffness of 138.8 N m −1
Introduction
In micro-electro-mechanical systems (MEMS), precise positioning of micro-objects finds important applications in biomedical research [1] , micro-assembly [2] , micro-grippers [3] and scanning probe microscopy [4] . Since the target objects are getting smaller, MEMS technologies have been applied to develop a wide variety of miniaturized motion stages [1, [3] [4] [5] . In many applications, the MEMS-based motion stages capable of generating both in-plane and out-of-plane (vertical) motions can provide additional positioning options and improved controllability. But realization of such a stage based on conventional MEMS processes is still challenging. This is due to the considerable difference in designs and fabrication methods between the in-plane and the out-of-plane actuation mechanisms. Additionally, the out-of-plane stages reported so far demonstrate relatively lower performance than in-plane stages. Therefore, it is necessary to develop a new out-of-plane motion stage that is equivalent to in-plane motion 3 Author to whom any correspondence should be addressed.
stages. This equivalence implies similar performances between in-plane and out-of-plane stages, such as motion range, force generation, stiffness and frequency response. For example, one of the commercial nanopositioners PI 4 NanoCube [6] has demonstrated its usefulness from its cubic-shaped workspace. This workspace comes from the similar motion range in both in-plane and out-of-plane directions, which is more practical than a skewed workspace in real applications. Many reported in-plane motion stages have motion ranges from 25 [7] to 60 μm [5] or more, while most out-of-plane motion stages are limited to less than 15 μm (e.g., 1.5 μm reported in [8] , 3.5 μm reported in [7] ). Additionally, similar force and stiffness scales are also desirable in many applications; in micromanipulation applications, the same stiffness level along multiple directions can reduce unwanted bending motions or distortions when interacting with stiff target objects. In 4 Certain commercial equipment is identified in this paper to adequately describe the experimental procedure. Such identification does not imply recommendation or endorsement by the National Institute of Standards and Technology nor does it imply that the equipment identified is necessarily the best available for the purpose.
addition, similar fabrication methods to in-plane stages are also another requirement. Requiring special tools like wafer bonding [7] or focused ion beam (FIB) [8] for out-ofplane stages has been a major obstacle to expanding their applications. Thus, this paper focuses on the development of an out-of-plane MEMS motion stage that can provide equivalent performance to one of the existing in-plane stages and follows the same fabrication methods with the chosen in-plane stage.
There have been various approaches for out-of-plane motion stages. Among them, one of the most efficient methods is to utilize existing in-plane actuators. This method requires no additional effort on the actuator design and has an advantage to provide similar stiffness and motion range. However, in order to utilize an existing actuator, converting structures such as inclined planes [8] or polarity hinges [9, 10] are necessary. The gap and the friction from the motion direction converting mechanisms restrict the precision that can be achieved. One of the other simple methods for generating out-of-plane motion is rotating an in-plane actuator by 90
• and then inserting it into a fixed base frame during the post-processing step [11] . Since the erected actuator is exactly the same as the in-plane one, these actuators can provide similar motion range and force. However, the manual rotation and assembly process make it difficult to ensure good quality over multiple devices and cannot be used in mass production situations.
Instead of utilizing existing in-plane actuators, dedicated out-of-plane actuators have also been developed based on widely used actuation methods such as electrostatic, electromagnetic and electrothermal. The electrostatic actuators are well known for their low power dissipation, fast frequency response and simple geometries [12] . Based on this actuation method, parallel plate [7, 12] and asymmetrical vertical combs [13] have been commonly used for out-ofplane motions. One of the parallel plate types demonstrated 3.5 μm out-of-plane motions [12] , but requires two big parallel plates, which can require different fabrication methods such as a wafer bonding [7] . Asymmetrical combs for out-of-plane motions have a similar design to in-plane comb drives, but its motion range is relatively smaller than in-plane motion due to the limited area between electrodes [13] . Another candidate is the electromagnetic actuators which are based on the Lorentz force principle and have been implemented as a combination of micro-coils and magnetic fields [14] [15] [16] [17] . These electromagnetic actuators have high bandwidth and also perform bidirectional displacement up to a few micrometers. The magnetic field for the actuator can be obtained through electroplating [15, 16] , polymer deposition [17] and permanent magnets [4, 14] . Among them, the permanent magnets are stronger than the others, but are not compatible with MEMS fabrication processes. In addition, the magnetic field for one actuator can interfere with the other actuators, because it is difficult to isolate one magnetic field completely from the others. This can reduce the integration capability with other in-plane electromagnetic actuators.
As an alternative, electrothermal actuators have been utilized [5, 17, 18, 20] for their large forces (of the order of a few mN) and stiffness (of the order of tens of N m -1 ), which are attractive in micro-manipulation applications. One of the commonly used out-of-plane electrothermal actuators is a cold and a hot arm that can generate out-of-plane motions up to 9 μm from the electrical resistance difference between the two arms [18] . This actuator is simple to fabricate and available for both in-plane and out-of-plane motions. But with this kind of actuator, it is difficult to generate linear motions. In order to generate a linear motion, symmetric beam designs with additional shapes like bridges or steps have been adapted to demonstrate 7 [20] to 14 μm [19] out-of-plane motions. The additional shapes have been fabricated mainly through surface micromachining technologies for multiple depositions and partial etchings. Contrary to surface micromachining technologies, bulk micromachining technologies have been rarely used for the out-of-plane structure due to its limited fabrication processes. However, there are many needs for the out-of-plane actuator based on bulk micromachining technologies, because this approach can provide stiffness and forces greater than those from surface micromachining technologies.
In this paper, an existing in-plane stage based on bulk micromachining has been selected as a target and a new electrothermally actuated out-of-plane motion stage has been designed to provide characteristics similar to the selected one including motion range, stiffness and force. The chosen motion stage can provide an in-plane displacement of 60 μm and a stiffness of 39.5 N m −1 [5, 32] . The basic design concept and its details are described in section 2. In order to achieve similar properties to the chosen in-plane stage, theoretical analyses and finite element analysis (FEA) were utilized and are explained in sections 3 and 4, respectively. The fabrication procedures for the out-of-plane motion stage are depicted in section 5. Experimental results including its range of motion, stiffness, frequency response and resistivity check are presented in section 6.
Design of the motion stage
In many MEMS electrothermal actuators, one commonly used electrothermal actuator is a bent-beam type or chevron type in-plane actuator [5, 21, 32] due to its simple structure and linear motion. This type of actuator is composed of aligned V-shaped beams pointing toward its actuation direction that convert thermal expansion of the beams into a linear motion. In this case, the bent beam angle plays an important role in determining its actuation direction. If this angle can be aligned toward a vertical direction, then this actuator can generate outof-plane motion. There have been several designs to fabricate this out-of-plane bent beam through a step-bridge shape [19] or trench [22, 23] . But, many of them still have their own limitations such as smaller motion range and more complex fabrication processes than in-plane actuators due to lack of appropriate MEMS fabrication technologies.
The proposed actuator consists of four flat beams that have two steps at their ends and are connected at their center, as described in figure 1(a). When a current flows through the beam, it would generate a temperature rise by Joule heating and thermally expand. The height difference from the step features in the beam generates a bending moment from this thermal expansion, which results in an upward or downward out-of-plane motion. By placing two steps at the ends of the beam, the bending moment is utilized for creating an upward out-of-plane displacement. Based on this electrothermal actuator, a MEMS motion stage has been designed and is illustrated in figure 1(b) , where the stage is composed of two out-of-plane electrothermal actuators and a moving platform. The actuators are indirectly connected to the moving platform through a connecting block to generate motions and are positioned symmetrically at both sides of the platform to compensate for any rotational motion. The moving platform is supposed to provide an interface or a base frame for external applications such as grippers or mirrors. The device is designed based on a silicon-on-insulator (SOI) wafer which is composed of two layers of silicon and an insulation layer between them. The insulation layer between them isolates the actuators from the moving platform, which makes the platform electrically and thermally isolated from the actuator. Main components such as actuators and the moving platform are located in the first layer of silicon, called a device layer, and the other components like anchors and the connecting block are in the second layer of silicon, called a handle layer. These layers and components are described in figure 1(b) . Since the fabrication process for this stage is composed of pure etching steps, it can be fabricated based on bulk micromachining technologies, especially silicon-oninsulator multiuser multi-processes (SOI-MUMPs) [24] .
Theoretical analysis
Figure 2(a) shows a schematic diagram of the beam in figure 1(a) for analysis. Two step features connect a lower portion of the beam to a fixed base. The force generated from the thermal expansion of the beam is denoted as P and P . The free-body diagram of the beam is described in figure 2(b) , where the step height from the action line of load P to the center line of the beam is denoted as e. The eccentric force P can be replaced with force P acting on the beam cross-sectional center and a moment M a , M a = M b = P e , as illustrated in figure 2(c). Since the lower portion of the beam is connected to a fixed base, the steps produce eccentric load which results in an upward out-of-plane motion. With a pinned-pinned boundary condition, y(0) = 0 and y(L) = 0, the analytic relationship for the beam deformation profile can be expressed [25] as
where E is the Young modulus of silicon and I is the area moment of inertia of the beam. Based on equation (1) and the dimensions listed in table 1, the deformation profile of the actuator is calculated and plotted in figure 3 , where this profile was verified by comparing with the profile from FEA. The value of the maximum deflection y max can be obtained at the middle of the beam (x = L/2) and can be expressed as Step L n Length 500 e Distance from the central line of 11 the beam to the central line of the step Table 2 . Material properties of silicon [5] .
Material properties Value
Young's modulus 130 GPa Poisson's ratio 0.28 Resistivity −4.72 × 10
Yield strength 7 GPa
Equation (2) implies that the step depth (e), beam length (L) and the force (P) are the main parameters in determining the beam displacement performance. The longer L can produce a longer displacement, but this is vulnerable at buckling and also limited by the allowable chip area. The load P can be expressed from a classic beam theory as
where α is the coefficient of thermal expansion of silicon, W is the beam width, H is the beam height and an average temperature rise over the beam T ave can be described [26] as
where k is the thermal conductivity of silicon, ρ is the resistivity of silicon and V is the driving electrical voltage applied to the actuator. The load P can be expressed as a function of temperature and this relationship is described in equations (3) and (4) . In this case, the maximum P is also determined through the maximum allowable temperature T max , which causes silicon to deform permanently, which is 550
• C [27] or 800
• C [28, 29] . In this paper, 550
• C is selected as a temperature constraint.
Since the two parameters L and P are limited by the available chip area and thermal properties of silicon, the other design parameters e and L n were investigated in the following FEA section to increase the performance of the actuator. Except for these design parameters, the remaining parameters of the beam have been selected based on this theoretical analysis and available resources; since commercially available SOI wafers are selected as a starting material which has a 30 μm thick device layer, the beam height (H) is set to be 30 μm. The beam width (W ) is larger than the beam height (H) by 10% in order to prevent any in-plane deformation from starting prior to out-of-plane deformation. Since the longer beam is favorable at its maximum displacement, the beam length (L) is determined from the allowable area for the device. For the device reported in this paper, the total chip size is set to be less than 4 mm × 4 mm, so L is set as L = 4 mm -2L n . All parameters are described in table 1 with their corresponding values.
Finite element analysis
Commercial FEA software, ANSYS 4 , is utilized to simulate the behaviors of the presented actuator and to find optimum values for the design parameters e and L n . The actuator is made of silicon and its material properties are listed in table 2. An electric potential difference as electric excitation is applied between both ends of the actuator, and this analysis includes electric, thermal and structural beam response. For thermal analysis, both ends of the actuator beam are assumed to be linked directly to a heat sink which is at room temperature (20
• C) and heat conduction heat transfer was taken into consideration. In each FEA, the maximum temperature and the stress are monitored in order to be kept under the maximum allowable temperature of 550
• C and yield strength of 7 GPa to avoid any plastic deformation or mechanical failure.
The optimization of the step feature
The optimization of the step feature is necessary to increase the performance. For this purpose, step length (L n ) and step depth are separately evaluated through multiple FEAs. The expected displacements are calculated based on temperature rise of 530
• C as an external excitation. During this FEA, various L n have been tested, ranging from 50 to 900 μm. Their corresponding responses are plotted in figure 4 (a) where a local maximum displacement of 62 μm is observed at 500 μm step length. With the step length (L n ) of 500 μm, the step depth (e) was also examined through FEA with the same thermal excitation of 530
• C increment. Their corresponding responses are in figure 4(b) where a local maximum of 82 μm is possible with the step depth of 22.5 μm. These values are applied to the step design parameters, allowing displacements of greater than 80 μm. 
Stress distribution
In order to monitor any mechanical failure during operation, its von Mises stress distribution was calculated when its maximum displacement of 85.1 μm was generated. The response from the stage is shown in figure 5 (a) where the whole actuator except the step features experiences stress less than 140 MPa. Around the step feature, the maximum stress increases and is found to be 318.9 MPa as depicted in figure 5(b) . These values imply that the step feature experiences most deformation and can be a bottleneck to limit its maximum. However, the value obtained is still far less than the yield strength of silicon 7 GPa, so no mechanical failure is expected during its normal operations up to 85 μm. Since 94 μm motion produces a stress still less than 500 MPa, the presented stage for 85 μm displacements can operate stably without any mechanical failure or fatigue.
The frequency response, stiffness and maximum force of the motion stage
The dynamic behavior of the moving stage is also analyzed: three natural frequencies and the corresponding mode shapes.
The first mode has a natural frequency of 4.567 kHz and a mode shape of pure translational motion normal to the moving platform. The second and third modes are rocking modes at 8.532 kHz along the X axis and at 9.850 kHz along the Y axis, respectively. These two modes are at least 80% larger than the first mode, so the presented design provides enough separation between the desired motion and potential parasitic motions. The stiffness of the motion stage is also calculated under the situation that a 1 μN force is applied to the middle of the moving platform as mechanical excitation. From this, the moving stage is expected to have a stiffness of 128.2 N m −1 along the out-of-plane direction. The maximum force from the actuator is calculated under the case that the temperature increment of 530
• C is used as a thermal excitation and the moving platform firmly held at zero displacement as a mechanical constraint. The corresponding result was found to be 13.81 mN. Based on these two values, the ideal maximum displacement is approximately 107.7 μm without considering any thermal or structural limits. These properties obtained from FEA are compared with measured data in section 5.
Fabrication
The fabrication process flow is based on the SOI-MUMPs [24] and each process step is described in figure 6 . The device is fabricated on a SOI wafer which is composed of a device layer with a thickness of 30 μm, a buried oxide layer with a thickness of 2 μm and a handle layer with a thickness of 400 μm, as shown in figure 6(a) . The fabrication process consists of a metal deposition step for generating the electrical connection pads and wires ( figure 6(b) ), the first deep reactive ion etching (DRIE) of the device layer to build the main devices ( figure 6(c) ), the second DRIE to fabricate the step features ( figure 6(d) ) and the third DRIE to form the anchors and the connecting block and to release the main devices for operation ( figure 6(e) ). After these three DRIE steps, a buried oxide layer between the device layer and the handle layer is partially eliminated to make the moving stage free ( figure 6( f ) ). All the etching steps are implemented by the Bosch process (Deep RIE-Unaxis SHUTTLELINE DSEII 4 ) and the metal deposition step by an electron-beam evaporator (Denton Infinity 22 4 ). The fabricated device is connected to external electrical dc actuation voltage for its operation ( figure 6(g) ) and its expected operation is depicted in figure 6(h) .
Based on the fabrication flow described in figure 6 , the presented stage has been successfully fabricated and its captured images from a scanning electron microscope are shown in figure 7 . Figure 7(a) is the full view of the proposed motion stage where two 'C'-shaped bright areas are metal pads for electrical connection and the gray areas represent the motion stage made of silicon. For reliable fabrication, the moving platform has three holding fingers at each corner that connect the moving platform to the fixed boundary frame during the fabrication and will be released after the fabrication process described in figure 7 ( f ). Close-up views for the step feature near the metal pad and the beam are shown in figures 7(b) and (d), respectively. First and second independent DRIE etching described in figures 6(c) and (d) create the step features without damaging other features. The connecting block underneath the actuator and the moving platform is shown in figure 7(c) . This blocking delivers the outof-plane motion from the actuators to the moving platform and electrically isolates the moving platform from the actuators.
Experimental results
In order to assess the static performance of the motion stage, a fringe-counting type optical profiler (VEECO WYKO 4 NT1100) has been used as an out-of-plane displacement sensor. The optical profiler scans a target area and a reference area to generate its depth information and measures the relative position between them to obtain displacement data. This measurement has less than 1 μm error but its measurable range is up to 1 mm which is necessary in this case. The stage is electrically connected to a dc power supply unit (Agilent 4 model 3322A) for its static performance test. Figure 8 shows the measured out-of-plane displacement of the moving platform as a function of the input dc current ranging from 0 to 250 mA. This curve is also compared with the secant curve from equation (1) showing a similar trend. For a current from 40 to 220 mA, the output displacement increases with a constant rate of 0.4 μm mA -1 . At 220 mA, the stage generates 85 μm of out-of-plane displacement and a current of 245 mA produces a motion up to 95 μm, but the rate of movement gets smaller after 220 mA. Thus, operation up to 85 μm can be considered stable. No mechanical or thermal failure has been observed during these experiments.
The stiffness of the motion stage was measured using a contact profilometer (Veeco Dektak 6M 4 ) varying the pushing force from 1 to 10 mg that yields the value of 138.8 N m −1 , which is slightly larger than the value estimated from FEA. From the stiffness and the motion range, the actual force generated from the electrothermal actuator is calculated to be 11.80 mN.
In order to look at the deformation behavior of the beam near its step feature during its operation, its deformation was experimentally scanned during displacement and compared with its original shape. In figure 9(a) , the deformation profiles are plotted showing that the out-of-plane deformation is well distributed over the step feature. The shape in 3D images is shown in figures 9(b) and (c). The deformation profile of the middle of the beam was also scanned in figure 9(d) , showing a smooth concave curve. This concave shape matches up with the estimated shape from equation (1) and FEA. In addition, this shape is completely different from the profile under buckling [30] and indicates that the current beam is not under buckling but pure elastic bending. The dynamic frequency response of the presented motion stage has been measured with a Polytec 4 Micro System Analyzer (MSA-500) [31] , which has been mainly used for atomic force microscope applications. From the measurement, the resonant frequencies of the first three modes are measured and found to be 4.41 kHz, 8.00 kHz and 9.72 kHz, respectively. This response is plotted in figure 10 , where the frequency range at less than 4 kHz is regarded as white noise from the experimental set-up itself. Each peak has a magnitude high enough to tell the difference, and the first three modes have 1% to 6% differences from the estimated FEA values which are very close to its FEA considering variations and deformations during MEMS fabrication.
The repeatability of the presented system is also quantitatively measured; the stage has been operated more than 1 billion cycles at its natural frequency. The displacements after every 400 k cycles have been measured with three fabricated devices and their results are shown in figure 11(a) . The stages generate 85 to 90 μm displacements by 220 mA currents and have demonstrated similar displacement after 4 × 10 5 , 8 × 10 5 and 1.2 × 10 6 cycles. The resistance of the actuator was monitored during all experiments and can be used as an indicator of the internal condition of the actuators. Figure 11(b) shows the resistance of the actuator as a function of a driving current where the blue solid line is for the stage by an increasing current and the red dotted line is by a decreasing current. This plot shows a slow increase of resistance with an increasing current and a return to its original value after testing. This trend is similar with the measured data [27] and no discontinuous increment has been observed implying no plastic deformation or internal changes occur during its operation.
Discussion
The goal of this work is to develop a MEMS motion stage that generates out-of-plane motion and provides a similar range to existing in-plane motion stages. For this purpose, a stiffness larger than tens of N m -1 , a few milli-Newton level force, and a motion range of close to 100 μm has been achieved. The similarity of their performance plays an important role in some applications such as collaboration between in-plane and out-of-plane stages or integration of out-of-plane actuation with in-plane actuation. Due to the lack of versatility in MEMS fabrication, MEMS motion stages or manipulators that can be compared with conventional stages fabricated from precision machining are rare. In order to overcome this limit, collaboration between multiple MEMS devices can be a key to improve their performance. As a first step for this purpose, an out-of-plane stage with equivalent performance to in-plane stages is required, because in-plane structures are considerably different from out-of-plane structures in MEMS fabrication approaches. [33, 32] . The maximum range of motion is 85 μm, which is larger than 60 μm of the inplane stage [5] . The expected maximum force of 13 mN is of a comparable level to that of the in-plane stage, which achieves 2-3 mN force. These properties depend mainly on the thick device fabricated through bulk micromachining technologies. This comparison is not meant to claim that the presented stage is better than the target in-plane stage. Rather, it focuses on the fact that the presented stage is designed to provide similar performance or characteristics to the existing in-plane stage, which is an advantage at integration with previous in-plane stages for future collaboration work. Due to this reason, its fabrication method is also limited to the same method as the in-plane stage for easy implementation.
Although the presented motion stage meets the required specifications, there are a few design modifications to increase its usability. As mentioned in the analytic analysis section, the relative position of the step determines the direction of outof-plane motion. Current design has two step features near the beam ends and generates upward motion. Alternatively, the step feature could be placed in the middle of the beam and therefore generate downward out-of-plane motion. Additionally, the combination of the downward out-of-plane actuator and the upward motion actuator presented in this paper can generate rotational motion of the platform.
Conclusions
In this paper, a thermally actuated upward out-of-plane motion stage has been presented with mechanical characteristics at a similar level to in-plane motion stages, especially in terms of motion range, stiffness and maximum force capability. In addition, the fabrication methods for the presented stage have been controlled to be compatible with in-plane motion stages, especially based on electrothermal actuation type and bulk micromachining technologies. The new stage was designed based on the use of a step feature in the beam in order to utilize the eccentric load for out-of-plane motions. This stage has been implemented based on SOI wafers through SOI-MUMPs. The fabricated motion stage has demonstrated an 85 μm range of motion and a maximum force capability of 11.8 mN. The measured properties were found to be in similar ranges to existing in-plane motion stages [5, 32] . These results demonstrate that the presented out-ofplane electrothermal motion stage based on the step feature has potential in extending its role in various applications through collaboration or integration with in-plane stages for a coordinated manipulation or higher degrees-of-freedom motion stages.
